Insects provide favorable models for examining endoecdysteroid decline is required for peptide release, crine regulation of behavior at cellular and molecular which initiates three motor patterns in specific order: levels. Of particular interest has been the analysis of PETH triggers preecdysis I, while ETH activates preecgenetically programmed molts, each of which culmidysis II and ecdysis. The Inka cell provides a model nates in a sequence of distinct preecdysis and ecdysis for linking steroid regulation of peptide hormone exbehaviors that can be induced by hormonal administrapression and release with activation of a defined betion or altered by surgical operations (Truman et al., havioral sequence. 
Figure 1. The ETH Gene and cDNA Encode Three Peptides, and the Gene Contains Putative Ecdysone Response Elements
The nucleotide sequences of genomic DNA (lower case letters) and cDNA (upper case letters) encoding the polypeptide precursor, which contains a signal sequence immediately followed by PETH (dotted box), ETH (solid box), and ETH-AP (dashed box). Two introns are present in the ETH-AP sequence. The putative direct repeat of the EcR response element is shaded, and the TATA box is thickly underlined. Putative Broad Complex (BC) response elements are underlined: BCZ1 (dash), BCZ2 (solid), and BCZ4 (dotted). Locations of oligonucleotide primers used for PCR isolation of the cDNA and genomic DNA fragments are shown by arrows. eclosion hormone by releasing ecdysis-triggering horInka cell peptides precedes each ecdysis, this endocrine mone (ETH), which triggers preecdysis and ecdysis conmechanism is likely to mediate proper development in all tractions (Zitnan et al., 1996 ; Kingan et al., 1997). This stages. Our findings provide a clear connection between behavioral sequence results from a direct ETH action ecdysteroid-induced expression and release of peptide on the CNS (Zitnan et al., 1996; Adams and Zitnan, 1997) hormones from an identified endocrine cell and initiation that leads to a cascade of downstream signaling events of a centrally programmed behavioral sequence. within the nervous system to recruit each behavior. For example, release of the neuropeptide crustacean car-
Results dioactive peptide (CCAP) is implicated as an immediate central signal for the ecdysis motor pattern (Gammie
The ETH Gene and cDNA Encode Three Peptides, and Truman, 1997).
and the Gene Contains Putative Ecdysone Here, we focus on the endocrine cascade that initiates Response Elements the ecdysis behavioral sequence in pharate fifth instar
The amino acid sequence of ETH (Zitnan et al., 1996) larvae of M. sexta. We have identified the cDNA and gene was utilized to design degenerate nucleotide primers for ETH, which also encode a novel peptide involved for generation of 3Ј rapid amplification of cDNA ends in preecdysis, PETH (preecdysis-triggering hormone).
(RACE) using mRNA isolated from epitracheal glands of Rising levels of blood steroid hormones simultaneously pharate pupae. After the second round of 3Ј RACE, a induce expression of this gene and nervous system sen-0.4 kb band was visualized on agarose gel. The cloned sitivity to PETH and ETH. A decline of ecdysteroids is cDNA fragment contained the partial nucleotide serequired for the release of both peptides into the hemoquence coding for ETH at its 5Ј end (Figure 1 ). Using lymph to initiate specific phases of preecdysis and ecdysis. Since a pulse of ecdysteroids followed by release of this sequence, the 5Ј fragment of the ETH transcript was Analysis of the upstream DNA sequence revealed a promoter region containing several putative ecdysone response elements. Direct repeats of the putative ecdysone receptor response element AGGTCA, separated by two base pairs followed by a TATA box transcription initiation site, are located at positions 969-982 bp and 1182-1187 bp, respectively. In addition, putative Broad Complex response elements were observed in this promoter region (Figure 1 ).
Three Peptides Are Processed from the ETH Gene
Studies following the discovery of ETH (Zitnan et al., 1996) revealed additional biologically active components in epitracheal gland extracts. A single high-pressure liquid chromatography (HPLC) fractionation of extracts from 75 pharate larval and 50 pharate pupal epitracheal glands resulted in isolation of three peptides (Figure 2A) . Analysis of these peptides by electrospray mass spectrometry (EMS) gave molecular mass values 1269, 2940, and 5658, which correspond to the predicted molecular weights of PETH, ETH, and ETH-AP, respectively. Using Edman microsequencing, we deter- reactivity with amidated ETH. However, an antiserum prepared against the ETH N terminus had high affinity for the fully processed ETH as well as for propeptide similarly isolated. The entire transcript isolated by RACE precursors appearing in HPLC chromatograms. The ETH contains 568 bp, including a 345 bp open reading frame antiserum therefore proved useful in the detection of with an ATG start at bp 38 that fits a consensus Kozak three precursor molecules, which were identified by sequence (Kozak, 1987) . The cDNA codes for a 114 EMS and Edman sequencing. Analysis of these ETHamino acid prepropeptide, including a 22 amino acid immunoreactive precursor peptides by EMS gave mosignal peptide at the N terminus (Figure 1) . Downstream lecular weights of 4407.0 for PETH-ETH (PE), 8953.0 for to this signal sequence and upstream of ETH is encoded ETH-ETH-AP (EA), and 10419.0 for PETH-ETH-ETH-AP a novel 11 amino acid peptide that ends with amino (PEA), which correspond to the predicted mass values acids -PRVG-, suggesting C-terminal amidation. Based of 4407.2, 8952.9, and 10418.6, respectively. The idenon its physiological function, it is named preecdysistity of each precursor peptide was confirmed by setriggering hormone (PETH; Figures 1 and 2) . Interestquencing of the N-terminal 6-10 amino acids. ingly, there is a novel processing site (S-S) at its N terminus. A second processing site (R-R) occurs downstream of ETH, followed by the sequence of a third deduced Developmental Expression of Peptide Hormones and Ecdysone Receptor in Inka Cells peptide, designated here as ETH-associated peptide (ETH-AP). The sequence of ETH-AP, which lacks an amiUsing the ETH antiserum, we examined the distribution of this peptide and its precursors in paraffin sections of dation codon at the C terminus, ends with a third processing site (K-R) and a stop codon (Figures 1 and 2) . entire larvae by immunocytochemistry. This comprehensive staining showed that ETH gene products are unique Polymerase chain reaction (PCR) amplification of genomic DNA with primers directed to the cDNA 5Ј and to Inka cells of the epitracheal endocrine system (Figure 3) . 3Ј ends produced a 867 bp DNA fragment that was larger than the cDNA. These primers were then used to screen Specific antisera against PETH, ETH, and ETH-AP were used to examine the changing levels of these pepa BamHI-HindIII-digested M. sexta genomic library by limited growth PCR (Ross and Gill, 1996) , resulting in tides at different time points before ecdysis. In feeding larvae, 48 hr before ecdysis, when ecdysteroid levels the isolation of a 1.6 kb genomic fragment. This fragment encodes PETH, ETH, and ETH-AP and contains two are low, Inka cells are small (50-90 m in diameter) and show weaker staining. During the rise in ecdysteroid introns, both in the coding region for ETH-AP (Figure 1) . markedly. In particular, the intact propeptide PEA reaches its highest levels and is most abundant com-1996). In feeding larvae with low-ecdysteroid levels, 2 days before ecdysis (Ϫ48 hr), nuclei of Inka cells showed pared with the other two precursor peptides, PE and EA ( Figure 4A ). Peptide content reaches maximum at very weak staining ( Figure 3G) . However, at peak ecdysteroid levels (Ϫ30 hr), EcR-B1 staining markedly in-Ϫ6 hr ( Figure 4A ). At this stage, only 24% of total ETH-IR represents various precursor peptides, while 76% is creased in Inka cells and remained strong after steroid decline at Ϫ6 hr ( Figure 3H ). EcR-B1 staining disap-ETH, indicating precursor processing. These data, along with the presence of EcR in Inka cells and putative ecdypeared at ecdysis (data not shown). Thus, increased production of Inka cell peptides also correlates with sone response elements in the upstream ETH gene, suggest that rising ecdysteroid titers induce ETH gene elevated levels of EcR-B1.
To examine whether ecdysteroids act directly on Inka expression. We tested this hypothesis by injecting 20-HE (10 g) cells to induce EcR-B1 expression, we exposed isolated epitracheal glands from freshly ecdysed larvae, which into freshly ecdysed larvae, which have depleted stores Figure 4B shows that total PETH-and ETH-IR increased about 2-fold in 20-HE-injected animals (n ϭ 17) when compared with controls (n ϭ 13). Total ETH-IR levels were significantly higher than PETH-IR because the antiserum to ETH N-terminal binds to ETH and all precursor peptides, while PETH antiserum only reacts with processed PETH. Indeed, fractionation by HPLC verified that only 30% of the total ETH-IR is fully processed ETH, while 70% represents propeptide precursors ( Figure 4B ). These results provide further evidence that ecdysteroids induce expression of the ETH precursor, possibly through transcriptional regulation of the ETH gene. To test this, isolated abdomens (n ϭ 6) were pretreated with the transcription inhibitor actinomycin D (5 g) 1 hr before 20-HE treatment. Steroid-induced elevation of both PETH and ETH was blocked in Inka cells of these larvae compared with control (Table 1 ). These data suggest that ecdysteroids induce expression of ETH gene products by transcriptional activation of the ETH ETH induced strong ecdysis bursts in seven out of eight preecdysis II is initiated. At about 35-40 min, the hemolymph concentrations of PETH and ETH reach a peak, experiments. In the remaining experiment, we observed preecdysis bursts, but no transition to ecdysis. In three while Inka cell stores are depleted. At the onset of ecdysis, blood levels of these hormones have declined to out of three control experiments, nerve cords cultured for 24 hr in steroid-free Grace's medium showed no about half their peak values ( Figure 5 ). Since precursor peptide EA was not completely processed, blood PETH preecdysis or ecdysis activity during 80 min of recording. These data show that high-ecdysteroid levels concentrations were higher than those of ETH during the entire behavioral sequence. directly induce CNS sensitivity to ETH.
A Decline of Ecdysteroids Is Required for Peptide Release and Behavioral Onset PETH and ETH Recruit Three Sequential Behaviors
Released PETH and ETH have specific and separate We found that under natural conditions, ecdysteroid decline from 110 Ϯ 26 nM (mean Ϯ SD; n ϭ 8) at Ϫ10 roles in activating the ecdysis behavioral sequence. Injection of PETH (10, 50, or 100 pmol) into pharate larvae hr to 6 Ϯ 2 nM (n ϭ 7) is followed by ETH release and larval ecdysis at 0 hr. To test whether declining steroid (n ϭ 28) induced within 5-7 min strong and synchronous dorso-ventral (D-V) contractions of the entire abdomen levels influence the release of Inka cell peptides, we prolonged the period of elevated ecdysteroids by in-‫1ف(‬ s contraction, 3-4 s relaxation). About 10 min after initiation of this behavior, weak posterio-ventral (P-V) jecting animals with 20-HE (10 g) 10 hr prior to ecdysis. Figure 4C shows that the blood of these larvae (n ϭ 9) movements occur and alternate with strong D-V contractions ( Figures 6A and 6B ). We define this behavior contained elevated steroid titers (72 Ϯ 10 nM) but no ETH at the time of normal ecdysis (0 hr). Steroid-injected as preecdysis I, as it is the first behavior observed during natural preecdysis ( Figure 6B ). Preecdysis I induced by larvae (n ϭ 9) ecdysed 6-8 hr later as blood ecdysteroids declined to 9 Ϯ 2 nM, and ETH was released into the PETH injection ceased after ‫06-53ف‬ min, and animals did not progress to ecdysis. Animals injected with high hemolymph ( Figure 4C ). These data indicate that ecdysteroid decline is required for ETH release and initiation doses of PETH (Ն100 pmol) were uniformly unresponsive to further treatment with this peptide. of the ecdysis behavioral sequence.
Injection of ETH (10, 50, or 100 pmol) evoked in 5-8 min more complex preecdysis patterns, which included PETH and ETH Appear in the Hemolymph during the Ecdysis Behavioral Sequence strong, alternating D-V, P-V, and proleg contractions. To separate specific actions of PETH and ETH, larvae The release of Inka cell peptides into the blood coincided with the onset of the ecdysis behavioral sequence.
injected with PETH that completed preecdysis I (n ϭ 39) were then treated with ETH (50 pmol). In this case, Using HPLC and quantitative enzyme immunoassays (Figure 5 ), we found that Inka cells release PETH, ETH, animals responded in 10-15 min with strong, relatively asynchronous P-V and proleg contractions ‫1ف(‬ s conand the partially processed precursor containing ETH and ETH-AP (EA). The other two precursor peptides, PE traction, 3-5 s relaxation). D-V contractions were conspicuously absent. We designate this behavior preecdyand PEA, had fallen below the sensitivity of the immunoassay (Ͻ30 pM). 6A ). This is a much shorter interval than is observed under natural conditions ( Figure 6B ), sugSince immunohistochemical and enzyme immunoassay data showed that two additional peptides, ETHgesting that preecdysis I delays the onset of ecdysis.
The transition from preecdysis to ecdysis was only AP and EA, are released into the hemolymph during preecdysis and ecdysis, we assayed their possible roles observed following injection of relatively high levels of ETH (50-100 pmol). Initiation of ecdysis is characterized in the activation of these behaviors. However, injections of these peptides into pharate larvae had either no effect by anterior peristaltic movement of segments A3 or A4, accompanied by complete retraction of prolegs. Within or induced only very weak, occasional preecdysis-like contractions. 1-3 min, all abdominal and thoracic segments exhibit these anteriorly directed contractions. Whereas natural ecdysis movements last 10-12 min and immediately PETH and ETH Act Directly on the Nervous System Applied to the isolated CNS in vitro, PETH (100-300 nM) cease after shedding of the old cuticle, ETH-injected larvae exhibit ecdysis contractions for up to 60 min and induces strong and synchronous motoneuron bursting in dorsal nerve roots and weak bursts in ventral nerves fail to ecdyse because the old cuticle is not sufficiently digested.
that last for up to 1 hr (n ϭ 12; Figure 7A ). These burst and release of PETH and ETH, and in the induction of CNS responsiveness to these peptides, provide a framework for investigating the relationship between the coordinated expression of specific genes and the initiation of a defined behavioral sequence. We also have shown that ecdysteroids induce CNS sensitivity to ETH in vitro. Under natural conditions in low concentration, ETH did not induce ecdysis behavior (n ϭ 6). In contrast, higher levels of ETH (100-300 nM) vivo, this occurs precisely at head capsule slip, when ecdysteroid levels are at the peak. The sudden appearinduced typical preecdysis II bursts followed by ecdysis bursts 22-30 min later (n ϭ 6; Figure 7C ). These results ance of this sensitivity could be explained by the expression or activation of PETH and ETH receptors in the show that the onset of ecdysis in vitro is also accelerated in the absence of preecdysis I. Furthermore, ecdysis CNS, induced by peak steroid levels. This steroid effect may be mediated by specific EcR isoforms appearing occurs as a direct action of higher ETH levels on the 
CNS. in the CNS at characteristic times during molt and metamorphosis (Truman et al., 1994). Ecdysteroid decline is required for the initiation of

. Proposed Model of Steroid and Peptide Endocrine Cascade that Regulates Ecdysis Behavioral Sequence
High-ecdysteroid levels induce early expression of EcR-B1 and ETH genes in Inka cells and receptors for PETH and ETH in the CNS. Declining ecdysteroid levels regulate late transcriptional activity, resulting in competence of Inka cells to release PETH and ETH and commitment of the CNS to release eclosion hormone. When ecdysteroids reach minimal levels in the hemolymph, eclosion hormone induces the release of PETH and ETH from Inka cells. These peptide hormones act directly on the CNS to activate the specific neuronal circuits that control preecdysis I and II and ecdysis. See text for details.
Endocrine Regulation of Ecdysis May be a Common Model for Activation of the Ecdysis Behavioral Sequence Mechanism in Invertebrates
Immunocytochemistry
Molecular Biology
Rabbit antisera were used to detect PETH, ETH, and ETH-AP by About 75 epitracheal glands of pharate pupae were dissected 3-48 immunocytochemistry. We used entire pharate third and fourth inhr before ecdysis and lysed in 100 l lysis buffer (100 mM Tris-HCl, star larvae 4-6 hr before ecdysis or dissected trachei with attached 500 mM LiCl, 10 mMEDTA, 1% LiDS, and 5 mM dithiothreitol [pH epitracheal glands of pharate fifth instar larvae 48, 30, and 6 hr 8.0]) for total RNA isolation. After centrifugation, mRNA was purified before ecdysis; 15, 30, and 45 min into preecdysis; at ecdysis onset; with 10 l oligo(dT) Dynabeads according to the manufacturer's and 5 min after ecdysis. The tissue was processed, and immunocydirections (Dynal, Lake Success, NY). The beads with immobilized tochemical staining was performed as described (Zitnan et al., 1993) . mRNA were washed with reverse transcriptase (RT) buffer (20 mM All three rabbit antisera were diluted 1:1000. Alkaline phosphataseTris-HCl, 50 mM KCl [pH 8.4]), resuspended in RT buffer, and heated labeled goat anti-rabbit immunoglobulin G (IgG) (diluted 1:300; Jackto 70ЊC for 10 min. First strand cDNA synthesis using Superscript son Immunoresearch, West Grove, PA), naphthol-AS-MX-phos-RT (1 unit, Gibco BRL Life Technologies, Gaithersburg, MD) was phate, and fast red violet LB (Sigma) were used to detect bound performed at 42ЊC for 50 min followed by enzyme inactivation at primary antisera. Specificity of antisera (diluted 1:1000) was tested 70ЊC for 15 min. Second strand cDNA synthesis was performed by by preabsorption with corresponding antigens (1-2 M concentra-PCR (5 min at 94ЊC, 3 min at 50ЊC, and 5 min at 72ЊC) in the presence tion) for 24 hr and used for immunocytochemical staining as deof the adaptor oligo(dT) primer (5Ј-GACTCGAGTCGACATCGAT 17 ) scribed above. This treatment abolished all staining. PETH antiseand 3Ј-GSP1 (5Ј-TTCGA(TC)CA(AG)GG(N)ATGATGGG). The cDNA rum was also preabsorbed with 1 M ETH to avoid cross-reactivity was heated to 95ЊC for 2 min and used for another PCR for 30 cycles with this related peptide. as described above. Five microliters of this reaction was used as For detection of EcR-B1 in Inka cells, we followed a modified template for a second PCR with the nested forward primer 3Ј-GSP2 procedure decribed by Jindra et al. (1996) . Trachei with epitracheal (5Ј-GTCAT(ATC)AA(AG)ACIAA(TC)AA(AG)AA) and an overlapping reglands were fixed in 4% paraformaldehyde for 1 hr, washed in PBST, verse adaptor primer (5Ј -GACTCGAGTCGACATCG).
and incubated in undiluted hybridoma supernatant of the monoThe 5Ј RACE product was isolated as described (Frohman, 1990) .
clonal antibody to EcR-B1 for 2 days. This antibody was obtained Briefly, following first strand cDNA synthesis, the 3Ј end was poly(A) from the Developmental Studies Hybridoma Bank (University of tailed by terminal transferase and amplified by PCR using a 5Ј-GSP1 Iowa). Antibody binding was detected with peroxidase-labeled goat primer (5Ј-CGGCTGTGCGTCATCTTCATATAG) and the adaptor anti-mouse IgG (1:400; American Qualex, San Clemente, CA) and oligo (dT) 17 . These products were subjected to a second round of diaminobenzidine (Sigma). PCR using the adaptor primer and a nested reverse 5Ј-GSP2 primer (5Ј-CCATGGGTAAAGCTTTGGAATATC). PCR products were cloned into the pCRII vector with the TA Cloning Kit, according to the Enzyme Immunoassays We used quantitative enzyme immunoassays to determine the efmanufacturer's instructions (Invitrogen, San Diego, CA). Dideoxy double-stranded sequencing of at least three distinct cDNA clones fects of changing ecdysteroid titers on synthesis of PETH, ETH, and peptide precursors in Inka cells and to measure peptide levels in was performed.
We used PCR to amplify M. sexta genomic DNA using forward these cells and hemolymph during the behavioral sequence. To determine ecdysteroid titers, hemolymph was collected from larvae (5Ј-GTTAGGTGTTCCCGCGTAAACTAG, bp 27-30) and reverse (5Ј-AATGACTAGAAA-TTATTTAAGTACAGG, bp 463-489) primers 48, 30, 28, 20, 10, and 6 hr before ecdysis and 0 hr at ecdysis onset (n ϭ 7-10 for each time point), heated in 80ЊC for 5 min, and Antin, J., Gibbs, J., Holt, J., Young, R.C., and Smith, G.P. (1975 
